Introduction: Placental insufficiency, arising from abnormal trophoblast differentiation and function, is a major cause of fetal growth restriction. Sirtuin-1 (Sirt1) is a ubiquitously-expressed NAD-dependent protein deacetylase which plays a key role in numerous cellular processes, including cellular differentiation and metabolism. Though Sirt1 has been widely studied, its role in placentation and trophoblast differentiation is unclear. Method: Sirt1-heterozygous mice were mated and evaluated at various points during embryogenesis. In situ hybridization and immunohistochemistry were used to further characterize the placental phenotype of Sirt1-null mice. Wild-type (WT) and Sirt1-null mouse trophoblast stem cell (TSC) lines were derived from e3.5 littermate blastocysts. These cells were then evaluated at various points following differentiation. Differentiation was evaluated by expression of lineage specific markers using qPCR and flow cytometry, as well as Matrigel invasion assays. Global gene expression changes were evaluated using microarray-based RNA profiling; changes in specific pathways were validated using qPCR and western blot. Results: In the absence of Sirt1, both embryos and placentas were small, with placentas showing abnormalities in both the labyrinthine layer and junctional zone. Sirt1-null TSCs exhibited an altered phenotype in both undifferentiated and differentiated states, phenotypes which corresponded to changes in pathways relevant to both TSC maintenance and differentiation. Specifically, Sirt1-null TSC showed blunted differentiation, and appeared to be suspended in an Epcam high trophoblast progenitor state. Discussion: Our results suggest that Sirt1 is required for proper TSC differentiation and placental development.
Introduction
The placenta is a transient fetal-derived organ crucial for a healthy pregnancy and proper fetal development [1] . During pregnancy, this organ participates in implantation and establishment of the maternal-fetal interface, as well as gas and nutrient exchange to facilitate fetal growth and development [1, 2] . Placental dysfunction can affect both maternal and fetal well-being, leading to complications such as preeclampsia, a maternal syndrome of hypertension and proteinuria, often associated with induced preterm delivery and fetal growth restriction [3] . Abnormal differentiation and function of trophoblast, the epithelial component of the placenta, are major underlying factors in pathophysiology of these pregnancy complications. Thus, identification of pathways which regulate these processes can contribute to development of potential targeted therapies for these disorders.
Sirtuin1 (Sirt1) is a ubiquitously-expressed nutrient sensor and NAD þ -dependent protein deacetylase [4, 5] implicated in many cellular processes, including stem/progenitor cell maintenance and differentiation [6e10] . Mammalian Sirt1 targets not only histones, but also numerous other proteins, including a large array of transcription factors [5, 9, 11] , and has thus been implicated in numerous diseases such as cancer, diabetes, and obesity [12] . Absence of Sirt1 during embryogenesis in mice results in multiple developmental defects, with phenotypes ranging from embryonic lethality to postnatal lethality, depending on the genetic background. Interestingly, in all of these models, Sirt1-null embryos were consistently growth-restricted [13e15]; nevertheless, it is not yet known whether this embryonic phenotype is associated with a defect in placental development or trophoblast differentiation. In fact, while it is known that Sirt1 is expressed in trophoblast [16] and that its expression is reduced following labor [17] , little else is known about the role of Sirt1 in the placenta and trophoblast. We set out to evaluate the role of Sirt1 during placental development, with a focus on the trophoblast compartment using the mouse model.
Materials and methods

Animals
All mouse work was approved by the UCSD Animal Care and Use Committee. Sirt1 heterozygous mice on the 129/Sv background were obtained from Dr. Michael McBurney (Ottawa Health Research Institute) [13] . Timed matings were performed, with day of plug identification designated as E0.5. Embryos and placentas were weighed prior to further processing. Previously published primers were used for genotyping [13] .
Histology, immunohistochemistry, and in situ hybridization
Immunohistochemistry (IHC) and in situ hybridization (ISH) were performed on the Ventana Discovery Ultra automated immunostainer with standard antigen retrieval and reagents per manufacturer's protocol. Hematoxylin and Eosin (H&E) staining was performed as per standard protocol. The Sirt1 antibody used for IHC is listed in Supplementary Methods; the antibody was validated against Sirt1-null placental tissues (see Fig. S1CeD ). ISH was performed using the RNAscope methodology [18] with probes specific to mouse Ctsq, Epcam, Gcm1, Prl2c2, SynA and Tpbpa, purchased from ACD-Bio. A negative control probe (DapB, also from ACD-Bio) was also run on E13.5 placental tissues (see Fig. S1F ). Both antibody staining and ISH probes were visualized with 3,3 0 -diaminobenzidine (DAB) and slides counterstained with hematoxylin (Dako). All slides were analyzed by conventional light microscopy on an Olympus BX43 microscope (Olympus). Tpbpa ISH was used to calculate the area of the junctional zone and was normalized to the total area of the placenta as determined by a pan-keratin IHC (not shown).
Cell culture and cell-based assays
Two wild-type (WT) and two Sirt1-null mouse TSC lines were derived from E3.5 littermate blastocysts as previously described [19] . Cells were cultured in standard TSC growth media [20] supplemented with 25 ng/mL fibroblast growth factor (FGF4; Sigma, F8424), 10 ng/mL Activin A (Stemgent, 03-001) and 1 mg/mL Heparin (Sigma, H3149). To induce trophoblast differentiation, FGF4, Activin A and Heparin were removed. All results were confirmed in both sets of WT and Sirt1-null TSC lines.
For details of generation of Sirt1-knockdown cell lines, Matrigel invasion assays, flow cytometric-based assays, and western blot, please see Supplementary Methods.
RNA isolation, quantitative real-time PCR (qRT-PCR), and microarray-based gene expression profiling
Total RNA was isolated using the MirVana RNA isolation kit (Ambion, AM1561) according to manufacturer's protocol. All RNA concentrations were measured using Qubit (Life Technologies) and RNA integrity was evaluated using Agilent 2100 Bioanalyzer (Agilent). Quantitative real-time PCR was performed as previously described [21] , using primers listed in Supplementary Methods.
RNA samples were subjected to microarray-based RNA profiling as detailed in Supplementary Methods. The data were filtered for detection (p-value < 0.01) and normalized using Robust Spline Normalization with the lumi package in R [22] . Principle component analysis (PCA) was performed using the Qlucore Omics Explorer (Lund, Sweden). We used Affinity Propagation algorithm [23] implemented in R [24] to identify clusters of co-expressed transcripts. Details of comparative group analysis and analysis using the AP algorithm can be found in Supplementary Methods. The list of probes in each cluster were subjected to gene ontology analysis using the Metascape web application (http://metascape. org, last accessed April 4, 2017) and signaling pathway analysis using Qiagen's Ingenuity Pathway analysis (IPA; Qiagen).
Microarray data of wild-type and Sirt1-null TS differentiation timecourses were submitted to the Gene Expression Ombius repository (https://www.ncbi.nlm.nih.gov/) with the accession number GSE100279.
Statistical analysis
See Supplementary Methods. 
Results
Sirt1 is expressed in trophoblast cells, both in vivo and in vitro
Immunostaining confirmed that Sirt1 is expressed in the nuclei of trophoblast in all layers of the placenta (Fig. 1A) . However, compared to the junctional zone, labyrinthine trophoblast more uniformly expressed Sirt1. Sirt1-null placentae did not show any staining with this antibody (Fig. S1CeD) . In wild-type TSCs, both Sirt1 RNA (not shown) and protein were uniformly expressed in undifferentiated and differentiated trophoblast (Fig. 1B) .
Sirt1-null placentas are small and show morphologic defects
Matings of heterozygous Sirt1 mice resulted in embryonic lethality of Sirt1-null embryos, with only resorbed Sirt1-null embryos observed after E13.5 ( Fig. 2A) . At E13.5, both null embryos and placentas were small, with a 39% and 16% decrease in weight, respectively, compared to their WT littermates (Fig. 2B ). H&E evaluation of the placentas demonstrated a thickened chorion and a more hypercellular labyrinth in Sirt1-null placentas (Fig. 2C ). Insitu hybridization (ISH) for labyrinthine markers Gcm1, SynA, and Ctsq, as well as giant cell marker Prl2c, did not show significant differences in wild-type and Sirt1-null E13.5 placentas (data not shown). ISH for the spongiotrophoblast marker, Tpbpa, however, did show a reduction in this layer in the Sirt1-null placentas (Fig. 2D) .
Sirt1-null TSCs show defects in proliferation and differentiation
Next, we derived TSCs from two wild-type (WT) and two Sirt1-null E3.5 embryos. In the absence of Sirt1, confirmed at the protein level (Fig. S2AeB) , TSCs could be maintained in standard growth media, but, even when plated at the same cell density, they grew slower, requiring longer periods between passaging. BrdU labeling confirmed this decreased proliferative capacity (Fig. 3A) . Next, we evaluated the TSCs' ability to differentiate into specific trophoblast subtypes using qRT-PCR for lineage-specific markers. Both Esrrb and Cdx2, markers of undifferentiated TSCs, was reduced in the Sirt1-null cells prior to beginning differentiation ( Fig. 3B and  Fig. S2C ). Following differentiation, these cells also showed reduced levels of both labyrinthine markers Gcm1 and SynA (Fig. 3C) , and junctional zone markers Tpbpa and Prl3b1 (Pl-II) (Fig. 3D) . This differentiation defect was confirmed in a second Sirt1-null TSC line, as well as in WT-TSCs in which Sirt1 was knocked down using lentiviral shRNA constructs (Fig. S3AeC) . Microarray-based gene expression profiling demonstrated differences in global gene expression of Sirt1-null trophoblasts compared to WT at these timepoints (Fig. 3E) . Principle component analysis of these data demonstrated that the greatest variation in the samples was attributed to differentiation (PCA1, explaining 38% of the variability), while the second highest variation was due to presence or absence of Sirt1 (PCA2, 17% of the variability) (Fig. 3E) . Compared to WT samples, the undifferentiated (d0) Sirt1-null TSCs aligned most closely with WT cells differentiated for one day (d1), while the most differentiated (d7) Sirt1-null TSCs aligned with WT cells differentiated for only 5 days (d5) (Fig. 3E) . Finally, we evaluated a major function of differentiated TGCs, their ability to invade Matrigel, and found that Sirt1-null TSCs showed a 58% reduction in invasive ability (Fig. 3F) .
Pathways involved in TSC maintenance and differentiation are altered in the absence of Sirt1
We next identified genes that were differentially expressed across differentiation of the WT and Sirt1-null TSCs and then clustered them using Affinity Propagation (Fig. S4) . The resulting nine clusters included three upregulated clusters (clusters 3, 7, 8), four downregulated clusters (clusters 1, 2, 6, 9), and two clusters unchanged in the absence of Sirt1 (clusters 4, 5) (Fig. S4) . The list of genes in each cluster were subjected to gene ontology and signaling pathway analyses. The top ten pathways from each analysis for each cluster are shown in Figs. S5 through S8. Pathways suppressed in undifferentiated Sirt1-null cells (clusters 1 and 6) included those associated with cell cycle regulation and pluripotency, while those suppressed in differentiated Sirt1-null cells (cluster 9) included ones related to lipid metabolism and autophagy. Interestingly, clusters that did not significantly change in the absence of Sirt1 (clusters 4 and 5) were enriched for both placental development and labyrinthine layer development pathways.
To further evaluate the loss of stemness phenotype in undifferentiated Sirt1-null TSCs, we focused on pathways in clusters 1 and 6, which included genes downregulated in the absence of Sirt1 in undifferentiated TSCs (day 0) (see Fig. S4 ). Aside from pathways related to the cell cycle and DNA replication, these clusters were also enriched in pathways involved in maintenance of stem cells (see Fig. S6) . One of the genes in Cluster 1 was Smad3, which is involved in maintenance of TSCs downstream of TGFb/activin signaling [25] . We noted a small decrease in total Smad2/3 protein expression in undifferentiated Sirt1-null TSCs by western blot (Fig. 4A) . We then treated serum-starved TSCs with activin A, and noted reduced phosphorylation of Smad2/3 in the Sirt1-null cells (Fig. 4A) .
To further evaluate the blunted differentiation phenotype in differentiated Sirt1-null TSCs, we turned our attention to cluster 9. Genes in this cluster showed reduced gene expression in the absence of Sirt1, but only in differentiated TSCs (see Fig. S4 ). This cluster was enriched for the Stat3 pathway as well as multiple metabolic pathways, including adipogenesis (see Fig. S7 ). Stat3 has been implicated in both TGC and syncytiotrophoblast differentiation and shown to be reduced in the setting of fetal growth restriction [26, 27] . We confirmed a reduction in both phosphorylated and total Stat3 in differentiating Sirt1-null TSCs compared to WT (Fig. 4B) . Within metabolic pathways, we noted a reduction in expression of PPARg, a transcription factor regulating adipogenesis, a known direct target of Sirt1, and a gene known to be involved in placental development and trophoblast differentiation [19,28e30] . We used qPCR to confirm that PPARg was indeed downregulated in differentiating Sirt1-null TSCs (Fig. 4C) . Since Sirt1-null TSCs showed reductions in undifferentiated TS markers, while also demonstrating blunted differentiation, we wondered whether they were trapped in a more differentiated trophoblast "progenitor" state. We evaluated expression of a set of trophoblast progenitor markers, including Ascl2, Ly6e, Epcam, Tssc3, and Blimp1 [31e34] at the RNA level. The only progenitor marker consistently upregulated in both of our Sirt1-null TS cell lines was Epcam (data not shown). Since labyrinthine trophoblast progenitor cells are defined as Epcam high based on flow cytometric analysis [31] , we evaluated in vitro-differentiated trophoblasts and noted that Sirt1-null cells contained a higher proportion of Epcam high cells (Fig. 5A) . In vivo, Sirt1-null labyrinth layer showed Epcam þ cells both in the thickened chorion and in numerous clusters of cells deeper within the labyrinth (Fig. 5B) . Epcam high labyrinthine progenitor cells are maintained by signaling through the cMet receptor [31] . By western blot, compared to WT, Sirt1-null TSCs maintained expression of cMet and Epcam significantly longer during differentiation. Taken together, our data suggest that Sirt1 is required for proper terminal differentiation of trophoblast.
Discussion
Previous studies found Sirt1-null embryos to be growth restricted compared to their wild-type littermates [13, 14] , but the placentas were not evaluated. We found Sirt1 to be expressed in all trophoblast layers of the mouse placenta, but more uniformly so in the labyrinth. In vitro, Sirt1-null TSCs showed reduced expression of undifferentiated TS markers, suggesting Sirt1-null TSCs have lost their stemness and are prematurely differentiating. A similar phenotype was previously observed in undifferentiated mouse embryonic stem (ES) cells lacking Sirt1 [8] . Similar to our observation with Sirt1-null TSCs, expression profiling of Sirt1-null ES cells showed downregulation of genes in pathways involved in maintenance of pluripotency [8] . In the absence of Sirt1, we identified a reduction in Smad3, and reduced phosphorylation of Smad2/3 in response to priming by Activin, a pathway required for maintenance of TSC [25] . The exact mechanism of Sirt1's effect on this pathway remains to be identified.
Perhaps the most dramatic phenotype of Sirt1-null mouse TSCs was noted following differentiation: the blunted differentiation phenotype was evident by both qPCR for lineage-specific markers and global gene expression profiling (PCA) and confirmed by functional and in vivo studies. This phenotype was evident in two blastocyst-derived Sirt1-null TSC lines and following Sirt1 knockdown in WT TSCs, with reduced expression of markers of both labyrinthine and junctional zone trophoblast lineages. One altered canonical pathway identified here was Stat3 signaling, which has been shown to be involved in mouse TGC differentiation, downstream of leukemia inhibitory factor (LIF) [26] , but also in differentiation of human syncytiotrophoblast [27] . In the latter study, downregulation of placental Stat3 was associated with fetal growth restriction [27] . We confirmed that both total and phosphorylated Stat3 were reduced in differentiating mouse Sirt1-null TSCs. This likely contributes to both the blunted differentiation phenotype and the reduced fetal growth.
Another downregulated pathway identified in differentiating Sirt1-null TSCs was PPARg. This was somewhat unexpected, as Sirt1-mediated nutrient sensing has been shown to regulate fat mobilization through repression of PPARg signaling [28] . Our own previous collaborative study showed that, in the setting of maternal obesity, induced by high fat diet during pregnancy, Sirt1 expression is reduced in the placenta and that this reduction leads to enhanced expression of PPARg in turn resulting in increased lipoprotein lipase expression and fetal fat accumulation [35] . It was therefore surprising to find reduced PPARg expression in the absence of Sirt1 in differentiated TSCs. Nevertheless, there does appear to be overlap between the phenotype of placenta and TSCs lacking Sirt1 and those lacking PPARg; absence of PPARg is associated with midgestation embryonic lethality [29, 30] with placental abnormalities including decreased labyrinthine trophoblast and enhanced TGC differentiation [19] . Thus, at least part of the Sirt1-null phenotype in placenta and TSC, the blunted labyrinthine development, may be partly attributed to decreased PPARg expression.
In vivo, the lack of Sirt1 resulted in smaller placentas, with smaller junctional zones and less mature-appearing labyrinth. The labyrinth appeared hypercellular, both at the fetal surface with a thick chorionic plate and deeper within the labyrinth where cell aggregates were common. The thickened chorion and cell aggregates contained Epcam þ cells, attesting to their immature phenotype. These labyrinthine progenitor cells are maintained via signaling through the cMet receptor [31] . Thus, their persistence in the absence of Sirt1 appears to be at least partly due to sustained expression of cMet in differentiated TSCs. How cMet expression is altered by Sirt1 remains to be seen. Both direct deacetylation by Sirt1 and indirect regulation of expression through deacetylation of a transcription factor are possible mechanisms. Finally, whether the placental abnormalities are responsible for the fetal growth restriction seen in Sirt1-deficient embryos remains to be seen. Sirt1-null embryos have abnormalities in fetal organs (i.e. heart), which could also compromise fetal growth [14] . While blunted trophoblast differentiation and abnormal placental development could certainly cause fetal growth restriction, additional in vivo studies are required to determine the extent to which lack of trophoblastic Sirt1 contributes to this phenotype. Nevertheless, the placental abnormalities detailed in this study likely contribute, at least partially, to fetal growth restriction, thereby establishing a key role for this nutrient sensor and protein deactylase during intrauterine development.
